ABSTRACT. The mass profiles of cell-free extracts of 180 commensal and pathogenic strains of Escherichia coli were determined by MALDI-TOF mass spectrometry (MS). While some peaks were highly conserved in all E. coli, several peaks occurred only in some strains, showing heterogeneity among them. We did not detect strain-specific peaks for any of the E. coli categories tested. However, review of the fully conserved and the variable peaks suggested that MALDI-TOF MS has the potential to distinguish commensal and uropathogenic E. coli strains. Additionally, eight Shigella sonnei isolates were tested and found to be indistinguishable from E. coli by MALDI-TOF MS under the test conditions.
INTRODUCTION
Escherichia coli is the most common species of facultative anaerobe found in the human gastrointestinal tract (Donnenberg, 2010) . It is a remarkable and diverse species (Croxen and Finlay, 2010) , exhibiting a significant degree of intraspecific heterogeneity and substantial genetic and metabolic diversity (Maharjan and Ferenci, 2005; Rasko et al., 2008; Touchon et al., 2009) . Although most E. coli strains reside harmlessly in the lumen of the human intestine and seem poorly adapted to causing disease in healthy individuals, there are several pathotypes that can cause infections in humans (Donnenberg, 2010) . At least eight pathotypes have been described, of which six, called diarrheagenic E. coli (DEC), are associated with intestinal infections: enteropathogenic E. coli (EPEC, typical and atypical), Shiga toxin-producing E. coli (STEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and diffusely adherent E. coli (DAEC). Molecular methods for the detection of the virulence markers as well as immunological and cellular assays are required to distinguish these pathotypes. In addition to these pathotypes, extraintestinal infections are caused by neonatal meningitis E. coli (NMEC) and uropathogenic E. coli (UPEC), the major cause of urinary infection in humans. Other pathotypes have also been identified, but their mechanisms of pathogenesis are not well defined (Croxen and Finlay, 2010) .
Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MAL-DI-TOF MS) is being increasingly applied for bacterial identification. In contrast to classical microbiological techniques based on culture, which may require several days for microbial identification, MALDI-TOF MS relies on mass fingerprinting of bacterial colonies, generates results in a few minutes at low cost, and provides high throughput bacterial identification up to the subspecies level (Donohue et al., 2006; Dieckmann et al., 2008; Seibold et al., 2010; Dieckmann and Malorny, 2011) . Here, we studied the ability of MALDI-TOF MS to discriminate E. coli groups.
MATERIAL AND METHODS

Strains
A total of 180 strains were analyzed using MALDI-TOF mass spectrometry. These included commensals with no DEC virulence genes; E. coli pathotypes isolated from humans and cattle that had been identified by standard biochemical methods and shown to carry virulence genes (Farah et al., 2007; Pigatto et al., 2008; De Toni et al., 2009; Oliveira et al., 2011; Fialho, O.B., and Dallagassa, C.B., unpublished One loopful (~10 colonies, 2 mm) of each bacterial culture was washed twice in sterile water, resuspended in 1 mL 70% ethanol, and centrifuged at 14,000 rpm for 2 min. The pellet was dried at 37°C for 30 min, and the cells were lysed in 100 µL 35% formic acid and 50% acetonitrile. The mixture was centrifuged and the supernatant used for MS analysis (Sauer et al., 2008) .
Analysis
One microliter of each bacterial extract was spotted onto a MALDI target plate, air dried, and covered with 1 µL of the matrix (10 mg/mL α-cyano-4-hydroxycinnamic acid in 50% acetonitrile/2.5% trifluoroacetic acid). MALDI-TOF analyses were performed on a Bruker Autoflex II MALDI-TOF spectrometer (Bruker, Bremen, Germany) in linear positive mode with delayed ion extraction (20 kV as accelerating voltage). Spectra were obtained with an average of 1000 laser shots (10 data sets of 100 shots at different spot positions). The mass-to-charge ratio (m/z) window, 3000-20,000, was analyzed. Data were acquired using the AutoXecute tool of the FlexControl software 3.0 (Bruker-Daltonics, Bremen, Germany). The peak resolution was in the range of 500-600. External calibration was performed using insulin (5734.51 m/z), ubiquitin I (8565.76 m/z), and cytochrome c (12,360.97 m/z). Raw data were converted into peak lists using FlexAnalysis 3.0 (Bruker-Daltonics). Minimal signal/noise was set at 3, and the peak m/z was defined as the centroid of the peak at 80% height. Cell-free extracts were spotted on three different positions on the MALDI plate, generating three spectra per strain. The peak lists of each strain were analyzed with SPECLUST (Alm et al., 2006) , available at http://bioinfo.thep.lu.se/speclust.html to generate a consensus peak list containing only the m/z values detected in at least two of the replicates, using an error window of ± 5 m/z. The consensus lists were then compared to determine common peaks among the strains.
RESULTS AND DISCUSSION
For E. coli, the mass peaks ranged from approximately 3000 to 15,000 m/z; those most frequently found are shown in Table 1 . The peaks characteristic of E. coli ( Figure 1 , Table 1 ) are in close agreement with those already described (Lynn et al., 1999; Mazzeo et al., 2006; Liu et al., 2007) , confirming that they are detectable under distinct conditions of analysis and can be used as markers for E. coli identification. In addition, several potential mass spectra markers for the Enterobacteriaceae family have been described (Lynn et al., 1999) , seven of which were found under our experimental conditions. The peaks at 4364, 5380, and 6253 m/z were found in 82-100% of the E. coli strains analyzed, as well as in Salmonella, but were absent in Aeromonas. Peaks at 6314, 7156, 7271, and 9532 m/z were found only in E. coli strains (35-100%) (Table 1) . Furthermore, the signal at 8897 m/z previously described in the Escherichia genus (Mazzeo et al., 2006) probably corresponds to 8892 m/z detected in 15-63% of the strains analyzed in the present work. The data indicate that these masses are frequently found in E. coli strains; some of them may represent family markers. As expected, only a few peaks (5069, 5149, 8989, and 10,294 m/z) were common between Aeromonas and E. coli, and between Salmonella and E. coli (4364, 4613, 5380, 6253, and 8365 m/z) .
Some m/z peaks were highly conserved among the E. coli categories, while others were present at variable frequencies (0-100%) (Table 1) , showing heterogeneity among the strains.
The potential of the MALDI-TOF MS for E. coli strain-level discrimination has been proposed (Muroi et al., 2011) . We did not detect strain-specific peaks for any of the E. coli strains tested. However, combining the fully conserved and the variable peaks suggests that there may be minor differences and that MALDI-TOF methodology has the potential to distinguish the commensal and UPEC categories. In bold, the m/z values reported for E. coli in other studies are indicated (Lynn et al., 1999; Mazzeo et al., 2006; Liu et al., 2007) ; number in parenthesis indicate the range of variation of the m/z values; + or -indicate presence or absence of peak; N = number of strains showing the mass peak; COM = commensal strains; aEPEC = atypical enteropathogenic E. coli; DAEC = diffusely adherent E. coli; EAEC = enteroaggregative E. coli; EIEC = enteroinvasive E. coli; STEC = Shiga toxin-producing E. coli; UPEC = uropathogenic E. coli; EPEC = typical enteropathogenic E. coli; Salm = Salmonella enterica serotype Braenderup ATCC BAA 664; Aer = Aeromonas caviae ATCC 14486; N = number of strains belonging to an E. coli group; a the low sample size does not allow reliable analysis; b except EDL 933 (O157:H7).
The UPEC strains (57) contained eight fully conserved peaks (4364, 5095, 5380, 6253, 6314, 7271, 9060, and 9532 m/z) , which are also shared with most of the strains. In contrast, the peaks at 8365 and 9550 m/z appeared to be highly conserved only among UPEC strains. In addition, UPEC presented seven other mass peaks with frequencies ranging from 72 to 86% (Table 1) , some of which (3637, 5149, 8989, and 10,294 m/z) can help to distinguish this pathotype. Moreover, the presence of a peak at 3128, which is conserved only in this pathotype, appears to be a good indicator of UPEC. In addition, all UPEC strains lacked the peak at 3849 m/z. Together, these characteristics may help distinguish UPEC strains. All the commensal strains (34) gave peaks at 4364, 5095, 5380, 5752, 6253, 6314, 7271 , and 9060 m/z. Furthermore, the presence of peaks at 3849 and 5342 m/z, which was more common among commensal strains than other E. coli categories, and the low frequency of peaks at 9184, 9220, and 10131 m/z among the commensals, may help to identify these strains. These characteristics suggest that commensal strains of E. coli may be distinguishable from pathotypes by using this technology.
Furthermore, the peak at 9060 m/z was present in all the E. coli strains analyzed, except in the STEC strain EDL 933, belonging to the O157:H7 serotype. Since all the other STECs analyzed belonged to other serotypes (Farah et al., 2007; Pigatto et al., 2008; De Toni et al., 2009) , our data confirm previous reports that only strains of the O157:H7 serotype do not have a peak at 9060 m/z (Mazzeo et al., 2006; Fagerquist et al., 2010) .
There were no clear differences between the MALDI-TOF mass profiles of the other E. coli categories. Moreover, since only 2 typical EPEC and EIEC and 4 DAEC strains were analyzed, further studies are necessary to characterize these pathotypes.
Since it is generally accepted that EIEC and Shigella should form a single pathotype (Croxen and Finlay, 2010) , we tested eight Shigella sonnei isolates. All of them presented the peaks that were the most conserved among E. coli strains, namely those at 4364, 5095, 5380, 6253, 6314, 7271, 9060 , and 9532 m/z (Table 1) . Additionally, mass peaks at 7156 and 9220 m/z were also fully conserved. We did not identify peaks characteristic of S. sonnei. Therefore, the S. sonnei isolates were indistinguishable from E. coli by MALDI-TOF MS under the test conditions.
To our knowledge, this study is the largest of its kind in terms of the number and range of E. coli pathotypes examined. The data show that there is great diversity in the MALDI-TOF mass profiles among E. coli strains and suggest that comprehensive studies with larger numbers of strains belonging to the several pathotypes may allow identification of markers for accurate discrimination of E. coli categories.
